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Abstract

The ¥} 1" rescarch frequency standards 1. 178-1 and
1.118-2 were developed (o provide continuous, 1 eliable, high
stability performance. For smplicity, a ‘Wig lamp isused for
state selectionand a helium buffer gas forion cooling. Ina
preliminar 'y 9 day comparison between the trapped ion
standards, the Allan deviation was o (1)= 1 x 1 0%/1" and
a fractional frequency stability of 6x10™" measur ed for
averaging times g1 cater thani0%scconds. A 40 day
comparisonof 1.11 S2 against an auto-tuned H-maser
referenced to UTC-NIST puts an upper limiton Jong ter - m
driftof 1.1'1'S-20f | .21.4)x107/day.

Introduction

Trapped ion frequency standards show  great promise
towards fulfilling scver al intermediate and long term
frequency and timing needs. Jon trap based standards have
the main advantage that the. ion (atomic oscillator ) is
confined only by clectromagnetic ficlds. Perturbations due to
collisions are greatly reduced and ions canin principle be
held indefinitely alowing for extremely long interrogation
times, The *i1g* ion is particularly well suited for frequency
standards because the large mass and : 40.5 Gtz ground
state hyper fine splitting reduce scnsitivity to thermal and
magnelic variations, Rescarch standards 1.1'1'S-1 and 1. 1152
were developed to provide continuous high stability
oper ation. Yhese lincar ion trap [ 1] standards (1 11S) usc
a ™Hg lamp to generate J 94 nm light for optical state
selection [?]and helium buffer gas to €oo] the ions to near
room emperature [3].

1 he microwave ’S,,,(F= 0,m=0) 1078 (Y= 1,m,= O)
hyperfine transition of "Hg* has a measured Q>2x10" [5].
Good signal to noise is achicved with as many as 3x 107 jons
inalincariontrap. Several local oscillators (1,()) have heen
used, including a good quarlz. crystal,a J-mast.l, or the
Superconducting Cavity Masa Oscillator (SCMO) [4,5,6].

Short ter m pet formance of* 7x10™%/1'7 |6} is obtained using
ahydiogen mast.1 as thelocal oscillator, With improvements
to the optics configuration, W ¢ estimate the lamp based
system is capable of 4x10714/11'2.

Mcasured environmental sensitivity [6] indicate that au
order of magnitude improvement compared to  11-maser
stahility iS possible with regulationlevels stillless stringent
than for masers. Because alarge number of mercur y ions
are confincdat room temperature, the second 01 derDoppler
shiftis the leading perturbation that will dictate the. stability
floor and the system accuracy. Current frequency accuracy
isshout 1 0", though with anion temper alure measurement
accurate tol % [7] overall accuracies of 10 should be
possible. A cryogenic, laser based "Hgd standard is
corrently under development at NiST [8]. This approach vses
only a few ions which 1imits signal 10 noise, but has the
potential of high absolute accuracy withlong averaging
times. Both appr oaches will benefit if cunentresea ch o
develop an ultra-violet diode lascr capability is successful
(sce e.g. [9]), The JPL. standards would achicve even beltter
short term stability, and last] cooling would become much
more practical,

In this paper, we report the first 9 day stability
comparison between  the JPLL 1 lg4 trapped ion rescarch
standards 1. Y1S-2 and J JT1S- 1. This comparison
demonst ates stabilitics well into the 10" "*range for
averaging times longer than 1 00,000 scconds (Fig. 1). We
alsoreporta 40 day stability comparison between 1. 118-2
and two H-mascrs.

L.ong Term Stability and Environmental Sensitivity

The limiting long term stability depends on the
ficquency  sensitivity of the hyperfine  transition to
confinement and  cnvironmental perturbations. Typical
operating conditions,  frequency offsets, and measued
sensitivitics have been previousty reposted [6). The accurac y
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Figure 1: Forty day stability comparison of the Hg+ standard ],1"1'S-2 against (a) SAO-26 11-Mascr, (b) STSCST-1Auto-
tuned H-Maser, and (C) a nine day comparison against the He+ standard1.11S-1.

and limiting stability of the trapped ion standards  depends
on how well these Offsets arc under stood and held constant.

To mcasure the stability between the two ‘Wig
standards each steers a separate V1.G-111 1 O] }-mast. r
receiver (Fig. 2). These local oscillators consist of a good
crystal oscillator phase locked to a common H-maser
oscillator. Hach 1.0 is stecred at approximately 20 second
intervals basedon [he. crror signal determined by the
micioprocessor controlling the ion trap interrogation cycle.
Both receivess provide a 100 Mtz output andone is offset
by 1 Hz. The 1Hz beat is measured and the stability
analyzed. As shown in Figure 2, the stecred output of each
1.0 is also compared against other available. reference
standards,

Tor this initial comparison both standards were operated
with a 16 sccond microwave interi ogation cycle and a
performance of 1x10"%/t' Figure 1 shows the Allan
deviation of 1.1'1'S-2 compared to three separate references,
1,1'1T'S 1, the H-maser SA0-26 [10], and the. auto-tuned
H-maser STSC-ST1 [11]. The SAO maser is useful for
determining performance for averaging intervals lcss than
20,000. The STSC-ST1 maser has poorer short term stability,
but is useful as a long, termrcfercmc[12]. The STSC-ST1
mast.r is alsoindependently compar cd to UTC-NIST via
GPSto provide, arcference to the. international time scale.

The data shownin Figure 1 has no drift removed, though
a V2 has been removed f1om the 1.11S8-2 vs, 11TS- 1
compatison for averaging times greater than 20 seconds.

LIES-2 and 1.171°S-1:

The s1ability between the. two trapped ion standards
reaches apProximately 6x 10-'6 at. 100,000 seconds. This point
consists of 6 samples and the. uncertainty isshown in figure
1. The peak at approximately S0,000 seconds resuited from
a poor regulation circuiton1.1"1'S-1. ‘I'his is made
graphically clear inFigurc 3 which shows the Allan
deviation of each trapped ion standard compared against
SAO-26. An oscillation is observecl in the frequency
residuals of both comparisons involving |.I-I’S-l. The
oscillation is not present in 1.1"1'S-?, which has better conu ol
electronics, in this preliminary 9 day measurement the
differential drift between 1.11S-2 and 1ITS-1 s
3.2(2.7)x 107%day. This small drift coriclates well with a
known sengitivity and measured drift of the RE trapping
patentialof 1,I'l'S - 1during the comparison. The long term
drift of the SAO maser is micasuredindependently by both
LITS-land 1.1'1'S-2 during the same timc interval of
4 ,4(0.3)x 10"*/day and 3.7(0.6)x1015/day respectively. The
driftrate of the maser change.s over time (sec @ so [12]). 1 for
the 40 day comparisonbetween SAQ-26 and 1.11S-2. (Fig. 1)
the measured drift is 2.4(0.3)x 10"**/day.
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Figure 4: The Stability crf 1.1'1'S-2 compared against the H-maser STSC S'1'- 1for asclected 14 day period between frequency
jumpsinthe ll-maser. Also shownis the. complete 40 day measurement,

LI1S-2 and STSC-S8TY :

in Figs. 1 and 4 the Allan deviationof a 40 day
comparison between 1ITS-2 and the auto-tuned H-maser
STSC-ST1isshown. Ihe differential diift between these
two standards over this 40 day span is 4.7(1 .6)x10"*/day.
A closer examination of the time residuals shows alarge 107
frequency shift 10 days into the measur ement. This shift can
riot be accounted for in 1.17TS-2 and isappar ently due to &
frequency jump in the STSC-ST1 maser. This frequency
change is confirmed inlongtermtime residualsin GPS
measurements comparing  the STSC-ST1 Hemaser to
UTC-NIST. Similar frequency jumps a few times a year
have also been reported elsewhere [ 1 2]. For the purpose of
char.w[c~izing thedfibility of 1.1'1'S-2, long termreference of
the maser to UTC-NIST indicate.s stable reference windows
between fiequency jumps in STSC-ST1,

Figure 4 shows the Allan deviation for atwo weck
intea val of the 40 clay comparison. During this timc interval
the ficquency stability of the STSC-8T1 H-maser 1S
particularly good as confirmed by the GPS comparison with
NIST. In this 14 day comparison, the diffes ential drift
between 1.171°'S-2 and the STSC-ST1maser ismeasured to be
1.2(1.4)x 1(I"’ /day. Yoor averaging times longer than 100,000
seconds this mcasurement s in agreement wi ththe
performance of L. 1TS-2 as measured by 1. 118-1(Fig. 1).

Eleets onig Iimprovements and Reducing Sensitivity With
The Exténded | inear lon Trap 1.37TE)

Because of the low sensitivity to thermaland magnetic
pertwbations, averaging to 10 seapility is accomplished
with only minimal electronic control and isolation from
environmental perturbations [6]. 1.J71S-1and 1.1'1'S-2 are
research laboratory standards and though portable, arc not
highly regulated.  The data presented here was obtained
with the standards thermally regulated to 0.05 Cand alow
ficld differential magnetic shielding factor of only 800. The
trapping potentials are run "open loop™ and the ion number
isnotactively servoed. Several improvements to the control
clectronics arc currently under development which should
allow the standards to avcrage with characteristic 1/1'”
behavior to ncar 1x 10" ",

In  addition to relying on further
improvements for improved stability there are. waysto
reduce fundamental sensitivity and still maintain a practical,
room temperature, lamp based system. An ext endedver sion
of thelinear ion trap (1 JTE) is currently under development
[13] which takes advantage. of the capability to casily move
ions. By moving ions between two 1egions of alincar ion
trap, the two often conflicting tasks of ion loading and
optical state selection can be separated from the mici owave
intro ogationrcgion which requires an excellentinagnetic

clecironic



environment, Moving the. ions into a long interr ogation
region reduces the. lincar ion density without sac ificing
signalto noise. This not only reduces sensitivity to second
m der 1 oppler perturbations but may allow operation at
lower magnetic fields.

Conglusion

A sccond 'PHgs tt apped ion frequency  standard
1 .1'1S-2, nowunder continuous operation, provides a
capability for mcasuring stability beyond all existing
frequency standards for averaging times longer than 20,000
seconds. Ina recent fr equency stability comparison between
jon trap standards 1.118-1and 1,1"1'S-?, cach standard steered
ascparatc VI .G-11 hydrogen maser receiver demonstrating
stabiliticsof 6x10" for averaging limes up to 9 days. The
Allan deviation of each standard was o, (1)= 1 x 103117
with he differential drift measured to be 3.2(2.7)X 107 /day.
Thisremaining smalldriftis predominantlyin1.1'17’S-1 and
corrclates well with a measured drill in the trapping potential.
A 40 day comparisonof 1.1'1'S-? against an auto-tuncd
]1-maser referenced 1o UTC-NIST provides an upper limiton
the driftof 1.1'1'S-2 of 1.2(1.4)x10"/day.

With both standards oper sling at the previously
demonst ated short term performance of o, (1): 7x 10/
a stability of 1x10'¢ should he possible in5x10° seconds
given sufficient magnetic shiclding and stability in the
control electronics. Measured environmental  sengitivities
indicate this canbe accomplished with regulation stillless
stringent than forhydrogen masers. in addition, use of ancw
extended linear ion trap (1.1'TE) configuration should fur ther
reduce remaining sensitivity to ion number and magnetic
field fluctuations, allowing for even higher stabilitics.
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